ABSTRACT: Drug molecules consist of a few tens of atoms connected by covalent bonds. How many such molecules are possible in total and what is their structure? This question is of pressing interest in medicinal chemistry to help solve the problems of drug potency, selectivity, and toxicity and reduce attrition rates by pointing to new molecular series. To better define the unknown chemical space, we have enumerated 166.4 billion molecules of up to 17 atoms of C, N, O, S, and halogens forming the chemical universe database GDB-17, covering a size range containing many drugs and typical for lead compounds. GDB-17 contains millions of isomers of known drugs, including analogs with high shape similarity to the parent drug. Compared to known molecules in PubChem, GDB-17 molecules are much richer in nonaromatic heterocycles, quaternary centers, and stereoisomers, densely populate the third dimension in shape space, and represent many more scaffold types.
■ INTRODUCTION
The cumulated efforts of synthetic chemistry over the last century has produced over 60 million compounds as collected by Chemical Abstracts Service. 1, 2 Since the implementation of combinatorial and parallel synthesis by academic and industrial drug discovery, the number of druglike small molecules (organic compounds of intermediate polarity with MW ≤ 500 Da) has increased even further. 3−5 The combined corporate, academic, and commercial collections worldwide probably total over 100 million different small molecules. 6 Despite these impressive numbers, it has become increasingly difficult to develop new small molecule drugs, largely due to lack of efficacy, side effects, and toxicity issues. 7, 8 De novo drug design 9−12 may help to address this problem by investigating even much larger numbers of yet unknown molecules by virtual screening 13−15 in search of innovative structures that might exhibit improved selectivity and ADMET profiles.
The majority of de novo drug design methods generate molecules within genetic algorithms that optimize a desired property such as a docking score by evolving a molecule population through breeding and mutation cycles. In most cases these algorithms generate new molecules by recombining known building blocks with known reactions, which severely limits their innovative potential. To circumvent this limitation, we recently approached the direct enumeration of chemical space by extending an approach to de novo design pioneered by Cayley, the inventor of graph theory, to count acyclic hydrocarbons 16 and later used in computer assisted structure elucidation. 17−19 The idea is to enumerate molecules from first principles starting from mathematical graphs irrespective of pre-existing building blocks to avoid a historical bias in structure selection. Geometrical strain and functional group stability criteria are used to ensure that the molecules produced are chemically meaningful. By this method we obtained the chemical universe database GDB-11 enumerating 26.4 million different molecules up to 11 atoms of C, N, O, and F (110.9 million molecules when including stereoisomers). 20, 21 The number increased to almost 1 billion (not counting stereoisomers) for GDB-13 listing all molecules up to 13 atoms of C, N, O, Cl, and S. 22, 23 Both databases were later shown to be useful sources of molecular diversity to discover new receptor ligands by virtual screening, synthesis, and testing. 24−30 While GDB-11 and GDB-13 uncovered impressive numbers of possible molecules, the databases only addressed very small organic molecules (MW < 200 Da), which are of interest as relatively small fragments 31 but rarely correspond to actual drugs. Herein we report the enumeration of organic molecules up to 17 atoms of C, N, O, S, and halogens, forming the chemical universe database GDB-17 containing 166.4 billion organic molecules. GDB-17 reaches into molecular sizes compatible with many drugs (367 approved drugs ≤17 atoms) and typical for lead compounds (100 < MW < 350 Da). 32 Millions of isomers of known drugs are readily identified in GDB-17. While molecules up to 17 atoms in the public databases PubChem, 33 ChEMBL, 34 or DrugBrank 35 are mostly achiral, aromatic, and heteroaromatic compounds with rodlike shapes, GDB-17 molecules are mostly nonaromatic heterocycles with many quaternary centers and stereoisomers. GDB-17 densely populates the third dimension in shape space and represents many more scaffold types than found in PubChem.
■ RESULTS AND DISCUSSION Enumeration. The enumeration followed the approach used for GDB-13 starting from the complete list of graphs as given by the program GENG. 36 Graphs corresponding to unstrained hydrocarbons were selected based on geometrical criteria and expanded to ″skeletons″ (unsaturated hydrocarbons) by substituting bonds (single, double, triple bonds) for graph edges. These skeletons were themselves expanded to molecules by substituting atoms (C, N, O, etc.) for graph nodes, respecting valency rules, and eliminating chemically unstable and problematic functional groups (Figure 1 ). The code used for GDB-13, which stalled at 14 or more atoms due to inefficient memory usage, was entirely rewritten considering process design and efficiency. New graph and molecule selection criteria were also added to constrain the combinatorial explosion above 13 atoms. The code redesign resulted in a 400-fold increase in computing speed allowing to complete the enumeration up to 17 atoms of C, N, O, S, and halogens within reasonable time, as detailed below.
GENG
36 was set to enumerate all graphs up to 17 nodes with maximum valency of four (quaternary carbon) considering only topologically planar (i.e., eliminating knotted topologies corresponding to the K 5 and K 3,3 graphs), connected (e.g., no catenanes) graphs, which returned 114,304,569,097 graphs. The graphs were then converted to hydrocarbons substituting carbon atoms for graph nodes and carbon−carbon single bonds for graph edges. Hydrocarbons were selected for limited ring strain and topological complexity by applying the hydrocarbon filters H1 to H5 (Table 1) , which left 5,422,153 hydrocarbons (0.005% of the graphs) to be considered for molecule generation. These 5.4 million hydrocarbons were converted to ″skeletons″ by introducing double and triple bonds following valency rules and the unsaturation filters S1 to S5, which primarily restrict ring strain and reactive unsaturations ( Table 2 ). The selected skeletons were then run through an aromatization−dearomatization cycle, and duplicates were removed, which eliminated aromatic tautomers. The introduction of unsaturations generated on average 246 skeletons per graphs for a total of 1,330,958,530 skeletons. The 1.3 billion skeletons were diversified into molecules by combinatorially substituting nitrogen and oxygen for carbon following valency rules but not generating any heteroatom− heteroatom bond. All generated molecules were then checked for undesirable functional groups (FG) to ensure that the molecules have a good probability to be stable and synthetically accessible (FG filters F1−F12, Table 3 ). These filters followed in part previously reported criteria for removing problematic functional groups from screening libraries. 37, 38 This diversification of skeletons into ″CNO″ molecules produced 110.4 billion molecules, corresponding to an average of 83 molecules per skeleton and 20,400 molecules per graph. Postprocessing steps P1−P7 were finally implemented for additional diversity by combinatorial atom type substitutions (Table 4) . These postprocessing steps added another 56 billion molecules, resulting in a total of 166.4 billion molecules in the complete GDB-17. The overall molecule generation procedure was always completed in one run for each graph, and all molecules generated from each graph were checked for duplicates to guarantee that all GDB-17 molecules are different (Table 5 ). The overall computation consumed 100,000 CPU hours, which is only 2.5-fold more than the computing time originally invested for GDB-13.
Comparing GDB-17 with PubChem, ChEMBL, and DrugBank. One of the key questions arising from the systematically enumerated chemical space available in GDB-17 is whether this collection significantly differs from the already known chemical space. To perform this comparison, we collected molecules up Cyclobutenes and cyclobutynes are not enumerated, but the skeletons leading to β-lactams and β-lactones are generated.
S4 triple bonds restrictions
No triple bond in 3-or 4-membered rings, max. One triple bond in rings ≥9 and max two triple bonds in ≥11 rings. Only terminal triple bonds for C 17 -hydrocarbons (allowing to generate nitriles). S5 bridgehead double bond restrictions
If a "non-zero" bridgehead carbon is sp 2 , the ring sizes of the smallest set of smallest rings will be checked. At least one ring of this carbon must be ≥8. In case of two such bridgeheads are sp 2 , the ring size must be ≥10. These FG decarboxylate spontaneously.
F11 Bridgehead amides:
If a "non-zero" bridgehead nitrogen is bound to a nonaromatic sp 2 atom, the ring sizes of the smallest set of smallest rings will be checked. At least one ring of the nitrogen must be ≥9.
Such amides are ″twisted″ and nonconjugated and therefore quite unstable toward hydrolysis.
F12 CC: Molecules of 17 atoms with nonaromatic carbon−carbon unsaturations are removed. Nonaromatic CC are highly frequent but often reactive toward polymerization, cycloadditions, isomerizations, oxidation, or nucleophilic addition.
a No heteroatom−heteroatom bonds are generated at all. Note that CS and sulfoxides (SO) are not generated.
a Steps P2 and P7 increase the heavy atom count (hac), generating for example some 17 atoms molecules with small rings. All molecules with hac >17 were removed to avoid a combinatorial explosion.
(0.001% of GDB-17). The size of GDB-17 originates in the increase of possible molecules as a function of heavy atom count, which is exponential and much steeper than in the reference databases ( Figure 2A ). As a consequence the MW range of GDB-17 shows a sharp peak at 240 < MW < 250 Da. The same distribution is observed in the leadlike subset GDBLL-17 (29 billion structures, see below) and leadlike/no small ring subset GDBLLnoSR-17 (22 billion structures, see below), while the MW distribution in the reference databases is more even ( Figure 2B ). GDB-17 contains an impressive number of molecules in the area of known drugs. For example, millions of isomers can be identified in GDB-17 for fifteen typical marketed drugs of 14 to 17 atoms selected from DrugBank-17 (Table 6 , Figure 3) . The examples shown in Figure 3 were selected among isomers with a high shape similarity to the parent drug as measured by the OpenEye scoring function ROCS (Rapid Overlay of Chemical Structures), a well validated virtual screening tool to identify bioactive analogs. 39, 40 These isomers include obvious variations of the parent structure such as ″methyl walk″ analogs, for example structures 5 and 11 as isomers of drugs 4 and 10, as well as nontrivial changes such as different aromatic heterocycles (2, 3, 8, 9, 17, 18, 35, 38, 39, 46) , different ring size and connectivity (15, 23, 24, 26, 27, 32, 33, 39, 41, 44− 48) , and different functional groups (14, 29, 30, 32, 33, 36, 39, 42, 48) .
On the other hand, GDB-17 represents a selective enumeration and therefore does not contain all molecules in the reference databases. Overall 57% of PubChem-17, 60% of ChEMBL-17, and 68% of DrugBank-17 are compatible with the GDB-17 enumeration rules. The molecules found in the reference databases but not considered for GDB-17 contain nonenumerated features such as certain types of halogens (e.g., aliphatic halogens) or sulfurs (thiols, thioethers, thioureas), functional groups (e.g., acyclic acetals, hemiacetals, aminals, azides, aliphatic nitro groups), elements (P, Si, B, etc.), skeletons (nonaromatic CC), or graphs (e.g., spiro-fused cyclopropanes) ( Figure 4A ).
Small Rings, Topology, and Compound Categories. The most striking difference between the enumerated chemical Tables 1−4 for details. b Graphs produced by GENG for planar, connected graphs up to 17 nodes with maximum node valence of four. c Hydrocarbons generated from graphs and passing the filters in Table 1 for limited ring strain and complexity.
d Unsaturated hydrocarbons generated from hydrocarbons using filters in Table 2 .
e Molecules generated from hydrocarbons by adding heteroatoms (Table 3 and 4), as 2D-structures and stored as SMILES.
f Computation was parallelized on 360 CPU. space in GDB-17 and known molecules resides in the occurrence of small rings (3-or 4-membered ring). Small rings are very frequent in the systematic enumeration of graphs and the resulting molecules. However they are also relatively difficult to synthesize and often unstable, and indeed they are not found very often in known molecules. While only 4−6% of the compounds in the reference databases contain small rings, the enumerated chemical space up to 16 atoms is to 83% a small ring compound database ( Figure 4B ). The fraction of small ring compounds in GDB falls to 8.2% at 17 atoms because no small ring were allowed in 17 node graphs (small ring molecules at 17 atoms stem from atom-adding postprocessing steps such as the transformation of carbonyls to sulfonyls and of ketones to oximes, Table 5 ). Nevertheless the majority (66%) of GDB-17 are molecules with 17 atoms, and the low percentage of small ring compounds at 17 atoms results in an overall 28% of small ring compounds in GDB-17 (25% in GDBLL-17).
In terms of topology, all databases contain approximately two-thirds of molecules with two or three cycles ( Figure 4C ). Key differences occur in acyclic compounds, which are relatively rare in GDB-17 (1.8%, 3.0 billion molecules) but make up 25% of DrugBank-17. Tri-and polycyclic molecules furthermore combine to 32% of GDB-17 but are much less frequent in the reference databases (PubChem-17: 7%; ChEMBL-17: 16%, DrugBank-17: 6%). The leadlike subset is also rich in tri-and polycyclic compounds (GDBLL-17: 33%), but their proportion is reduced when small rings are removed (GDBLLnoSR-17: 22%).
In terms of compound categories, heteroaromatic compounds make up a large third of GDB-17 and the reference databases ( Figure 4D ). By contrast aromatics, which also make up a third of reference databases, are quite rare in GDB-17 (0.8%, 1.3 billion molecules). GDB-17 is instead much richer in nonaromatic heterocycles (GDB-17: 57%, GDBLL-17: 41%, GDBLLnoSR-17: 35%) than the reference databases of known compounds (PubChem-17: 12%, ChEMBL-17: 10%, DrugBank-17: 12%).
Polarity and Leadlikeness. The histograms of the calculated octanol:water partition coefficient clogP shows that GDB-17 and DrugBank-17 contain more polar molecules than PubChem-17 and ChEMBL-17 ( Figure 5A/B) . A similar effect is visible in other polarity descriptors such as the number of H-bond donor atoms ( Figure 5C/D) . The fact that polar molecules often require longer syntheses and are more difficult to purify than apolar ones might explain their lower proportion in PubChem and ChEMBL, which contain mostly synthesized molecules, compared to GDB-17 representing the spectrum of possibilities. The frequency of polar molecules in the systematic enumeration of GDB-17 results in only 18% of GDB-17 being leadlike compounds as defined by the value ranges 1 < clogP < 3 and 100 < MW < 350 Da. 32 These 18% correspond to 29 billion molecules defining the GDBLL-17 subset, 22 billion of which do not have small rings and form the GDBLLnoSR-17 subset.
By comparison approximately half of the compounds from the reference databases are leadlike (PubChem-17: 47%; ChEMBL-17: 49%; DrugBank-17: 36%).
Molecular Shape. Organic molecules can be classified in terms of shape by analyzing the principal moments of inertia of their 3D structure, which allows to classify molecules either as rods (linear shape, e.g. stretched alkanes), discs (cyclic planar shape, e.g. benzene), or spheres (globular shape, e.g. cubane or adamantane). This analysis shows that the vast majority of currently used druglike molecules are either rodlike or disklike. Only a minority of the molecules used in medicinal chemistry possess any significant third dimension, leading to shape considerations as a design criteria for screening libraries. 41 Closer analyses of successes and failures show that molecules with a significant third dimension in shape are indeed often more successful in drug development programs, suggesting an "escape out of flatland" as a valuable strategy to search for better drug molecules. 42, 43 Nonplanarity is also more pronounced in natural products (NP) and products from diversity-oriented synthesis (DC) compared to commercial screening compounds (CC) and probably contributes to the higher protein binding selectivity of NP and DC compared to CC as observed in small molecule microarray experiments. 44, 45 A 16.7 million random subset of GDB-17 was subjected to the above shape analysis, and the results were compared with the data for the reference databases. The analysis showed that GDB-17 molecules significantly populate the third dimension, which implies that the ″escape out of flatland″ is statistically unavoidable when considering the enumerated chemical space ( Figure 6 ). The shape distribution into the third dimension is similar for the 29 billion leadlike subset GDBLL-17 and the 22 billion leadlike subset without small rings GDBLLnoSR-17. By comparison the known molecules in PubChem-17, ChEMBL-17, and DrugBank-17 are essentially rods and discs with relatively few spherical molecules. This "flatness" is a direct consequence of the abundance of aromatic systems in these databases of known compounds. Conversely, the occurrence of 3D-shaped molecules in GDB-17 results from the low proportion of acyclic and aromatic compounds and the high frequency of saturated heterocycles in the enumerated chemical space. GDB-17 molecules also contain more quaternary carbon centers (qv, Figure 7A /B) and bonds in fused rings (bfr, Figure 7C /D) compared to known compounds, which are features strongly associated with nonplanarity. The decrease in bfr at 14, 15, and 17 atoms in GDB reflects the introduction of the "no bridgehead in 3-rings", "one small ring", and "no small ring" filters which strongly reduce the number of topologies with high bfr. Somewhat unexpectedly, the small-ring filters also reduce the number of quaternary Figure 3 for structural formula of the drugs and examples of isomers. centers per molecule, as seen by the fact that the GDBLLnoSR subset contains fewer quaternary centers than GDB and its leadlike subset.
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Stereochemistry. The much higher frequency of nonplanar molecules in GDB-17 compared to the reference databases should also be reflected in a larger number of stereocenters and hence possible stereoisomers per compound. The number of possible stereoisomers per molecule was determined using the 3D-generator CORINA, 46 which exhaustively generates stereoisomers from 2D structures. CORINA correctly excludes impossible combinations of stereoisomer flipping (e.g., only one stereoisomer for norbornane). CORINA produces enantiomers as pairs with the exception of atropisomers, which are rather rare, implying that molecules for which only a single diastereoisomer is produced are almost always achiral. Their number provides a lower estimate of the number of achiral molecules because meso compounds (e.g., 1,4-dimethylcyclohexane or (R,S)-2,3-butanediol) and achiral Z/E isomer pairs are not singled out.
The stereoisomer counting with CORINA was performed on the 16.7 million subset of GDB-17 and on the reference databases (Figure 8 ). GDB-17 molecules produced an average of 6.4 stereoisomers per molecule (GDBLL-17: 5.7 stereoisomers/cpd, GDBLLnoSR: 5.1 stereoisomers/cpd), which is three times more than in the reference databases (PubChem-17: 2.0 stereoisomers/cpd, ChEMBL-17: 2.0 stereoisomers/cpd, DrugBank-17: 2.1 stereoisomers/cpd). More than half of the molecules in the reference databases have only one stereoisomer (PubChem-17: 56%, ChEMBL-17: 58%, DrugBank-17: 55%), while only 5% are molecules with eight or more possible stereoisomers (PubChem-17: 4.1%, ChEMBL-17: 4.6%, DrugBank-17: 5.2%). By contrast GDB-17 (respectively GDBLL-17, GDBLLnoSR-17) contains only 22% (respectively 23%, 27%) of molecules with a single stereoisomer but 44% (respectively 38%, 32%) of molecules with eight of more stereoisomers. The smaller average number of stereoisomers per compound as a function of hac in GDBLLnoSR-17 compared to GDBLL-17 shows that the presence of small rings is partly responsible for the larger number of stereoisomers in GDB-17 compared to known compounds.
Novelty and Scaffolds. The above analyses show that the novelty of GDB-17 compared to PubChem-17 can be assigned in part to global structural features including the relative rarity of aromatic and acyclic compounds, the frequent occurrence of molecules with small rings and nonaromatic heterocycles, and the higher proportion of polar molecules (clogP < 0). GDB-17 molecules also differ from PubChem-17 molecules in that they contain more structural features leading to 3D-shapes, such as quaternary centers and bonds in fused rings, as well as generally more stereoisomers per molecule. Nevertheless GDB-17 contains impressive numbers of compounds within any constraints, as exemplified with the millions of isomers of known drugs and the size of the leadlike/no small rings subset GDBLLnoSR-17 containing 22 billion molecules. By their number these molecules are One can also analyze the databases for novelty independent of global parameters by focusing on the occurrence of "scaffolds". As "scaffolds" we considered either the "Murcko scaffolds", 47 which are defined as the saturated hydrocarbon graph of a molecule pruned of any terminal atom, or "ring systems" defined as hydrocarbon graphs without acyclic bonds. 21 The analysis was performed for GDB-17 by considering the 5.4 million unique graphs used for molecule generation (Table 1 ) and extracting graphs corresponding to Murcko scaffolds and ring systems. For PubChem-17 each molecule was converted to its parent saturated hydrocarbon. All terminal atoms were then removed iteratively to produce "Murcko scaffolds", and all acyclic bonds were removed to produce "ring systems". Each resulting list was reduced to unique structures by removing duplicates. Each series was split into three categories by analyzing the smallest set of smallest rings as follows: a) scaffolds containing at least one small ring (″SR″); b) scaffolds containing only 5−7 membered rings (″5−7″); and c) scaffolds without small rings containing at least one 8-membered or larger ring (″8+″). The scaffolds were further subdivided according to the number of quaternary centers ( Table 7) .
The scaffold and ring system analysis shows that GDB-17 contains 35-fold more Murcko scaffolds and 61-fold more ring systems than PubChem-17. The majority of the imbalance stems from scaffolds containing small rings (Murcko scaffolds: 52-fold excess in GDB-17, ring systems: 109-fold excess in GDB-17), in particular small ring scaffolds with quaternary centers (Murcko scaffolds: 105-fold excess in GDB-17, ring systems: 170-fold excess in GDB-17). If considering only Murcko scaffolds or ring systems with 5-to 7-membered rings and without any quaternary center, which are the easiest to synthesize and most common ring systems, the number of scaffolds is only, but still, 2-fold larger in GDB-17 compared to PubChem-17. Ring systems that are yet unknown even as substructure are readily identified in GDB-17, such as the yet unknown C 17 -hydrocarbon graphs 49−55 shown in Figure 9 .
■ CONCLUSION
In summary the enumeration of organic molecules starting from mathematical graphs was realized up to 17 atoms of C, N, O, S, and halogens, yielding 166.4 billion molecules corresponding to a defined set of functional group and atom types. Compared to the 2.5 million known molecules up to 17 atoms found in PubChem, GDB-17 molecules contain generally more rings, in particular small rings, as well as many nonaromatic heterocycles. On the other hand, cyclic and aromatic compounds form a much smaller fraction of the database compared to PubChem. GDB-17 molecules furthermore contain more quaternary centers and bonds in fused rings than PubChem molecules, resulting in significant 3D-shapes and a larger number of stereoisomers per molecule. GDB-17 molecules are on average also more polar than known molecules (clogP < 0), although a leadlike subset occupying the range 0 < clogP < 3 still contains 22 billion molecules even when excluding small ring compounds. The structural diversity of GDB-17 is evidenced by the presence of a much larger number of scaffolds compared to known molecules. The abundance of nonplanar molecules suggests that the enumerated chemical space might serve as a rich source of inspiration to design new molecular series for drug discovery.
Journal of Chemical Information and Modeling
As to the size of GDB-17, working with 166.4 billion structures is challenging and currently not applicable to advanced virtual screening methods such as shape-based analyses or docking, which are computationally relatively intensive. For such applications a randomly selected subset of GDB-17 of a few hundred thousand to a few million structures is statistically significant and can be used as representative of the whole database. On the other hand, the identification of single molecules such as the selected analogs of known drugs shown in Figure 3 , or the examples of polycyclic hydrocarbons shown in Figure 9 , can deliver many more interesting results with the complete database because every single molecule is different and identifiable in its own right. The assembly of a searchable version of the entire GDB-17 database and its use for identifying drug analogs by virtual screening represented a challenge of its own and will be described in a separate publication.
■ METHODS
General. All code packages were written in Java 1.6 with Jchem Libaries from ChemAxon. Every filter was applied to the imported molecule to define bond and atom positions of functional groups. All computations were parallelized on a 360-CPU cluster and manually controlled (100,000 CPU hours corresponds to 11 CPU years). Every step was completed before starting the next. All together around 40,000 single calculations have been done. To preserve disk space every output was compressed directly into gzip either by piping with the bash command gzip or by the implementation of gzip into the GZIPStream in Java BufferedReader/Writer.The complete GDB is more than 400 GB as gzip.
Enumeration. Graphs. The program Nauty from McKay was used to generate the connectivity tables for graphs, as found under http://cs.anu.edu.au/people/bdm/. The Nauty subprogram GENG was run up to 17 nodes for the generation of all possible graphs/geng -cd1D4 (Number of Nodes) The check was done for planarity of the graphs by PLANARG to avoid molecules with crossed bonds, e.g. Claus' benzene./ planarg
Hydrocarbons. The resulting output of GENG is a G6 string for a connection table, which was imported and converted to the corresponding hydrocarbons by exchanging the nodes with carbon atoms and the edges with single bonds. Hydrocarbons were filtered for desirable features (Table 1) because the majority of graphs includes 3-and 4-membered rings or multiple connected globular ring systems.
Skeletons. Each single bond was checked for the combinatorially introduction of double bonds (only four bonds per carbon are possible). Additionally every resulting double bond was checked for the combinatorially introduction of triple bonds. The resulting hydrocarbons were aromatized and dearomatized to avoid multiple copies of the same aromatic ring system. Unsaturated hydrocarbons were filtered for desirable features, e.g. the majority of unsaturated hydrocarbons includes allenes (Table 2) .
CNO Molecules. Every monovalent, divalent, and trivalent carbon position was checked for the substitution with nitrogen following valency rules. Each monovalent and divalent carbon position was then checked for the substitution with oxygen. Before each exchange it was checked if the position is adjacent to a nitrogen or oxygen atom to avoid the generation of heteroatom heteroatom bonds and speeding up computation. Additionally it was checked before if the position is next to a sp atom, in which case no N or O atom was introduced. Symmetric positions were calculated only once. The resulting CNO-molecules were checked for desirable features to avoid unstable functional groups and to reduce the combinatorial explosion (Table 3) . Each molecule was converted to unique SMILES strings to check for duplicates before storing the molecule.
Postprocessing for Oximes, Nitro, CF 3 , Halogens, and Sulfur. Postprocessing for introducing additional diversity was performed as described in Table 4 .
Shape Analysis. The shape analysis was adapted from Sauer and Schwarz 41 and was written in Java 1.6. SMILES were converted into 3D structure using CORINA. 46 The position of the molecule was expressed in a (x,y,z)-coordinate system defined by its principal axes. For each principal axis . The moments of inertia I x , I y , and I z were then sorted in ascending order to yield I 1 , I 2 , and I 3 . I 1 and I 2 were finally divided by the highest moment of inertia I 3 to yield the values P1 = I 1 /I 3 and P2 = I 2 /I 3 .
The (P1,P2)-plane defines a two-dimensional triangular space with distinct boundaries, i.e. structures cannot be found outside the triangle. The triangle also has three distinct edges defining the different dimensionality of molecular shapes: The upper left edge of the triangle (0,1), the lower center edge (0.5,0.5), and the upper right edge (1,1) define 1D rodlike, 2D disklike, and 3D spherical structures, respectively. 
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